mental requirements of the spectrin skeleton during These combined assays reveal that impaired neurosynapse formation, but they were unable to assess the transmission is secondary to synapse retraction. We function of spectrin at mature synapses in the postemdemonstrate that loss of presynaptic, but not postsynbryonic nervous system. Here, we document the use of aptic, spectrin leads to the disorganization and eliminatransgenic dsRNA reagents that allow us to eliminate tion of essential synaptic cell-adhesion molecules. In spectrin protein selectively during postembryonic deaddition, we provide evidence of altered axonal transvelopment from either the pre-or postsynaptic side of port and disrupted synaptic microtubules as events the synapse. We show that the presynaptic spectrin that contribute to synapse retraction in animals lacking skeleton is essential during postembryonic developpresynaptic spectrin. ment for the maintenance of the Drosophila NMJ. Conclusions: Our data suggest that presynaptic spectrin functions as an essential presynaptic scaffold that Results may link synaptic cell adhesion with the stabilization of the underlying microtubule cytoskeleton.
Introduction with the GAL4/UAS expression system (see Experimental Procedures). It has been clearly demonstrated that
Throughout the nervous system, the development of transgenically expressed dsRNA can function cell auneural circuitry involves exuberant synaptogenesis foltonomously in Drosophila and is highly sequence spelowed by the selective elimination of a subset of these cific [13-15]. We expressed either UAS-a-spectrin previously functional synapses [1-4]. Currently, we dsRNA or UAS-b-spectrin dsRNA in the embryo with know very little about the mechanisms that stabilize cell-type-specific GAL4 drivers and observed rapid, synaptic connections and equally little regarding the specific, and cell-autonomous knockdown of spectrin mechanisms that disassemble previously stable, funcmRNA and protein (data not shown). We observe effitional synaptic connections [2] . One way to approach cient knockdown of mRNA and protein in w6 hr in this problem is to identify genes that when mutated or these cells. We next tested whether our ability to elimiknocked down cause the inappropriate disassembly of nate spectrin protein with dsRNA can recapitulate the a previously stable synapse. This approach will identify late-embryonic/early-larval lethality observed in a-and genes necessary for synapse stabilization and may b-spectrin null mutations [9, 10]. Ubiquitous expression identify candidate genes involved in neurodegeneraof a-or b-spectrin dsRNA leads to lethality at early tive disease. stages of larval development. Thus, we nearly recapituHere, we demonstrate that the presynaptic spectrin late the null mutant lethal phenotype, and the slight difskeleton is essential for the stabilization of the presynference in lethal phase can likely be attributed to the delay in dsRNA expression in comparison to the effects of a null mutation that blocks zygotic gene expression.
*Correspondence: gdavis@biochem.ucsf.edu Neuronal elimination of either α-or β-Spectrin causes to visualize presynaptic spectrin. In Figures 1A-1I , staining intensities are optimized to visualize protein lethality at late larval stages, with a small portion of animals surviving to early adult stages. Thus, both a-and levels at the wild-type NMJ that has high levels of spectrin expression. At longer exposure lengths, preb-spectrin are essential neuronal genes. synaptic spectrin immunoreactivity can be clearly observed in the absence of postsynaptic spectrin protein Analysis of the Postembryonic Synaptic Spectrin Skeleton (Figures 1J and 1K ). Although we cannot formally rule out that some of this staining is postsynaptic, several Three spectrin genes are present in the Drosophila genome [9, 10, 16]. At the larval NMJ, both α-and β-Speclines of evidence suggest that this staining is primarily presynaptic. First, in these examples, α-Spectrin staintrin are highly abundant and colocalize (Figure 1 ; see also [11]) whereas β H -Spectrin is absent (data not ing at the nerve terminal does not extend beyond the boundary of the presynaptic-membrane marker antishown). Postsynaptic α-and β-Spectrin can be observed throughout the muscle and are concentrated to HRP ( Figures 1J and 1K, arrows) . In addition, the observed α-Spectrin staining is continuous with staining the postsynaptic membranes surrounding the NMJ (Figure 1) . Presynaptic α-and β-Spectrin can be obthat originates within the presynaptic axon prior to entry into the muscle ( Figures 1J and 1K, arrowheads) . served in the motoneuron axon (Figure 1) , and we present evidence below that this staining continues into the presynaptic boutons ( Figures 1J and 1K) .
Loss of Presynaptic Spectrin Leads to Synapse
Disassembly and Elimination Using the UAS-spectrin dsRNA approach, we can eliminate either α-Spectrin or β-Spectrin protein specifLoss of presynaptic spectrin (either α-or β-Spectrin) leads to presynaptic retraction and synapse elimination ically from either the pre-or postsynaptic side of the neuromuscular junction (Figures 1D-1I Figure 2F ). For example, the retracnormal synapse development, a small number of retion in Figure 2B (arrow) includes eight boutons. In the traction events are observed, and these generally inwild-type, synapse retractions never include more than clude only a few synaptic boutons within a larger, statwo boutons. When DN-Glued is expressed presynaptible neuromuscular synapse (Figures 2E and 2F; [17] ).
cally, more than 90% of retractions encompass fewer Presynaptic expression of either a-spectrin dsRNA or than seven boutons. However, after the loss of presynb-spectrin dsRNA causes a dramatic increase in the aptic spectrin, a large fraction of retractions (>40%) innumber and extent of synaptic retraction events in clude at least seven boutons. Furthermore, 8%-11% of comparison to the wild-type (Figure 2 ). For example, in synapses analyzed show complete synapse elimination Figure 2B , much of the synapse shows wild-type oppo-(8% for b-spectrin and 11% for a-spectrin, n > 120 synsition of presynaptic Synapsin (green) with postsynapapses; Figure 2F ). Finally, we see a clear perturbation tic Discs-large (Dlg; red). However, at several sites of bouton morphology at many synapses lacking prewithin this NMJ, Dlg staining is no longer opposed by synaptic α-or β-Spectrin, although the synapse grows presynaptic Synapsin staining, even though Dlg is clearly to near normal dimensions prior to the onset of synorganized into a postsynaptic specialization ( Figure 2B , apse retraction. These data suggest a role for spectrin arrow). We have used a battery of pre-and postsynapin bouton formation as well as synapse stabilization. tic markers, including antibodies against synaptic vesicle proteins, presynaptic-membrane markers, cytoplasmic proteins, cell-adhesion molecules, and postsynaptic Electrophysiological Analysis of NMJ Lacking glutamate receptors. We observe similar retraction Presynaptic Spectrin events with each of these different markers (see Figure  We have pursued experiments to directly correlate the S1 in the Supplemental Data available with this article extent of synapse retraction with altered synaptic funconline). Synapse disassembly always encompasses the tion. To do so, we fixed each synapse from which we distal-most portions of a synaptic branch and is always recorded and then stained for retraction events with the more severe distally than proximally. Thus, we conclude presynaptic active-zone marker nc82 and postsynapthat synapse retraction progresses distal to proximal tic Dlg. Synapses were categorized morphologically along a nerve-terminal branch and involves the simultafor the extent of synapse retraction and then correneous disassembly of multiple synapse components lated with the electrophysiological data. Synapses were ( Figure S1 ). This phenomenon of "synapse retraction" grouped into three categories: minor retractions premay be distinct from the neuronal-arborization degensent (<20% of the synapse is retracted), intermediately eration described in the Drosophila central nervous affected (20%-60% of the synapse is retracted), and system [4, 20].
severe retractions (>60% of the synapse is retracted). We not only find synapses with partial synapse reSynapses of all three categories could be found within traction, we also frequently observe muscles that have single animals. organized postsynaptic Dlg staining and completely We find that altered synaptic efficacy is strongly lack opposing presynaptic markers ( Figure 2C ). Several correlated with the extent of synapse retraction. In exlines of evidence demonstrate that this represents comtreme examples of morphologically defined synapse plete synapse elimination. We observe these events with elimination, both spontaneous and evoked transmitter different presynaptic markers, including synaptic-vesirelease are abolished, although passive membrane cle, active-zone, and cytoplasmic markers (data not properties of the muscle remain within a wild-type range shown). Only one or two muscles within an animal will (n = 2; resting membrane potential = −69 mV and -73 show an absence of presynaptic staining, and this is mV; input resistance = 11 MΩ and 8 MΩ). Further analynever seen in wild-type animals stained in parallel. At sis demonstrates that the severity of synapse retraction sites lacking presynaptic antigens, Dlg remains highly after the loss of either presynaptic α-or β-Spectrin cororganized into postsynaptic specializations. Finally, at relates with a decreased frequency of spontaneous these sites of synapse elimination, we have observed vesicle release and decreased quantal content (Figures discontinuous presynaptic membrane remnants, which 2G and 2H). However, the amplitude of spontaneous confirm that the presynaptic nerve terminal once reminiature release events does not change with insided in opposition to these residual postsynaptic specreased severity of synapse retraction (Figures 2G and cializations (data not shown). 2H). In addition, we show that there is no significant We have quantified the phenotype of synapse retraction in animals expressing either a-spectrin or b-specchange in the diameter of presynaptic vesicles at these 
Loss of Postsynaptic Spectrin Does Not Cause is consistent with our light-level observation that presynaptic-membrane markers persist after the loss of Synapse Retraction
We have determined whether postsynaptic spectrin is synaptic-vesicle antigens. In other examples, small-caliber presynaptic boutons are observed that contain required for synapse stabilization. We specifically eliminated postsynaptic α-or β-Spectrin postembryonically vacuolar profiles ( Figures 3C and 3E, feathered arrows) . In this example, the surrounding SSR is dramatically with muscle-specific GAL4 drivers (see Experimental Procedures). We are able to efficiently eliminate muscle perturbed, with muscle folds becoming disorganized ( Figure 3C ). The perturbation of the SSR includes the spectrin (Figures 1G, 1J, and 1K) . Synapses lacking muscle spectrin show obvious defects in the integrity invasion of the SSR by muscle-cell cytoplasm and mitochondria, events that are never observed in the of the subsynaptic muscle membrane folds (J.P. and G.W.D., unpublished data). However, we find no eviwild-type. These data are consistent with the retraction of the presynaptic nerve terminal and then the gradual dence of synapse retraction beyond that observed in wild-type animals with our footprint assay (n = 120 syndisassembly of the postsynaptic specialization. apses). Thus, spectrin is uniquely required in the presynaptic nerve terminal for synapse stabilization. 3B and 3E, asterisks) . The loss of vesicles at sites where the presynaptic bouton membrane persists sites of presynaptic retraction on the basis of the ab-asterisk). At these sites, spectrin protein levels are severely depleted or absent. These data demonstrate that the presynaptic spectrin skeleton is necessary to maintain the proper organization and integrity of the MT cytoskeleton throughout the nerve terminal. Spectrin is also present throughout the sensory and motor axons. Neuronal expression of either a-or b-spectrin dsRNA leads to minor changes in axonal microtubule organization, but it causes an axonal-blockage accumulation consistent with a disruption of microtubule-based axonal transport (Figures 4D-4F; [23] We first addressed whether Nrg and Fas II are lost at sites of synapse retraction. We triple-labeled synapses with anti-HRP, anti-Dlg, and either anti-Nrg or anti-Fas II. In these experiments, we used an antibody that recognizes the neuronal-specific isoform of Nrg. At wild- . We show evidence of impaired axonal transport, and this could be the cause synaptic retraction (Figure 5P, arrow) . Within semi-stable regions of these synapses, Fas II staining is no of the altered protein distribution previously observed in the embryo. We can only speculate as to why no longer organized in a honeycomb-like pattern and instead appears to be broken into large puncta (Figures synapse retractions were observed in the embryo, even at the ultrastructural level. One possibility is that the 5P-5R). In addition, Fas II at the bouton periphery no longer clearly circumscribes the underlying anti-Nwk highly dynamic, newly formed synapse does not rely heavily upon the stabilizing scaffold provided by the staining (Figure 5Q, arrowheads) . These data are consistent with the removal of Fas II from the plasma mempresynaptic spectrin skeleton. This is consistent with the observation that synapse formation occurs in the brane in synapse regions that are likely to be in the early stages of disassembly. Similar observations can absence of the stabilizing cell-adhesion molecule Fasciclin II. In fasciclin II null mutations, impaired synaptic be made for Neuroglian (data not shown).
Disrupted Presynaptic Microtubule Organization and Stability at Synapses Lacking Presynaptic Spectrin
Finally, it has been demonstrated genetically that Fas growth and synapse loss are only observed at later stages of development [29]. II is required both pre-and postsynaptically for synapse maintenance [29] . However, we find that loss of postsynaptic α-or β-Spectrin does not lead to synapse disFunctional Analysis of Synapse Elimination assembly. We therefore assayed whether loss of postin the Absence of Presynaptic Spectrin synaptic spectrin affects the stability of synaptic Fas II.
In our functional analysis of synapse elimination, we Although the organization of Fas II appears disrupted, it correlate the extent of synapse retraction with impaired is still concentrated at the synaptic plasma membrane, synaptic function. We observe a tight correlation beindicating that homophilic adhesion remains intact tween the extent of synapse retraction (with activethroughout the synapse in the absence of postsynaptic zone markers) and physiological deficits. These data spectrin ( Figure S2 ). In addition, Fas II staining still cirare consistent with synapse disassembly gradually decumscribes the presynaptic marker Nwk at these synpleting the nerve terminal of functional active zones apses ( Figure S2 ). These data imply a unique relation-( Figure S1 ). Importantly, because synapses lacking preship between spectrin and Fas II that is required for synaptic spectrin (with only minor retractions) show synapse stabilization within the presynaptic nerve ternormal neurotransmitter release, it argues that spectrin minal. One possibility is the existence of a neuronalis not necessary for presynaptic vesicle fusion at the specific adaptor protein that could link the presynaptic Drosophila larval NMJ. These data differ from prior spectrin skeleton to Fas II. studies at mammalian central synapses with functionblocking antibodies that perturbed the spectrin-Synapsin interaction and provided evidence that spectrin is Discussion necessary for vesicle release [42, 43] . Our data demonstrating a precise structural and functional correlation Here, we demonstrate that the presynaptic spectrin in the absence of presynaptic spectrin also argue that skeleton is essential for the stabilization of the Drosynapse retraction is not a secondary consequence of sophila NMJ. On the basis of the data presented, we impaired motoneuron health. A precise structural and propose that the spectrin skeleton provides a stabilizfunctional correlation would not be expected if altered ing bridge linking cell adhesion at the plasma memmotoneuron health were leading the way to catabrane to the underlying microtubule cytoskeleton. The strophic synapse elimination. Prior genetic analysis has shown that the NMJ is destabilized in fasciclin II null mutations, and tion of the neuromuscular system [38] [39] [40] [41] . These data highlight the utility of Drosophila for the identification synapse stability can only be restored by resupplying fasciclin II simultaneously on both sides of the synapse of genes involved in the stability of the neuromuscular system in other species.
[29]. The role of Nrg during synapse stabilization has yet to be determined. Our approach, using expression of transgenic dsRNA, has allowed us to selectively perturb spectrin at a maHere, we provide evidence that the presynaptic spectrin skeleton is essential for the normal organization ture neuromuscular synapse. Prior work examining null mutations in a-and b-spectrin at the embryonic NMJ and maintenance of both Fas II and Nrg at the synapse. -GAL4 (neuron was semiautomated (Synaptosoft). The average superthresholdspecific), sca-GAL4 (neuron specific), BG57-GAL4 (muscle expresevoked EPSP amplitude was calculated for each synapse, ensuring sion from mid-first-instar on), da-GAL4 (ubiquitous expression), that both motor axons innervating muscle 6 in segment A3 were UAS-DN-Glued
84
, and MHC-Shaker-GFP. We experimentally deterrecruited. Quantal content was calculated as the average EPSP mined the combination of neuronal GAL4 drivers and UAS-dsRNA amplitude divided by the average mepsp amplitude. Quantal insertions necessary to eliminate presynaptic α-or β-Spectrin procontent was determined for each synapse and then averaged tein. Two copies of UAS-a-spectrin-dsRNA were driven by elav C155 -across synapses to generate the average quantal content for each GAL4 to eliminate presynaptic expression of α-Spectrin. A higher genotype. Data for steady-state synaptic transmission were aclevel of b-spectrin dsRNA expression was necessary to eliminate quired in HL3 saline (0.5 mM extracellular calcium). Data were colprotein, and this was achieved with the stronger neuronal GAL4 lected with a Digidata 1200B analog-to-digital board and PClamp driver line scabrous-GAL4 in combination with two copies of UASsoftware (Axon Instruments). Data were analyzed offline with Minib-spectrin dsRNA. Postsynaptic elimination of α-or β-Spectrin proAnalysis software (Synaptosoft). tein was achieved by driving one copy of the UAS-dsRNA constructs with BG57-GAL4.
Electron Microscopy Third-instar larvae, mutant and wild-type, were prepared for electron microscopy as follows: Larvae were filleted and pinned out Generation of UAS-spectrin-dsRNA Constructs and Germline Transformation in physiological saline that was then exchanged with 2% glutaraldehyde in 0.12 M Na-cacodylate buffer (pH 7.4). The filleted larvae We used the pWIZ-Vector [13] to generate UAS-a-spectrin-dsRNA and UAS-b-spectrin-dsRNA constructs. The primers below were were fixed in place for 10 min, then transferred to vials containing fresh fixative and fixed for a total of 2 hr with rotation. The larvae used to amplify fragments of the a-and b-spectrin cDNAs that do
